Mycobacteriophage D29 is a lytic phage that infects various species of Mycobacterium including M. tuberculosis. Its genome has 77 genes distributed almost evenly between two converging operons designated as left and right. Transcription of the phage genome is negatively regulated by multiple copies of an operator-like element known as stoperator that acts by binding the phage repressor Gp71. The function of the D29 genes and their expression status are poorly understood and therefore we undertook a transcriptome analysis approach to address these issues. The results indicate that the average transcript intensity of the right arm genes was higher than of those on the left, at the early stage of infection. Moreover, the fold increase from early to the late stage was found to be less for the right arm genes than for the left. Both observations support the prediction that the right arm genes are expressed early whereas the left arm ones are expressed late. The analysis further revealed a break in the continuity of the right arm operon between 89, the first gene in it, and 88, the next. Gene 88 was found to be expressed from a newly identified promoter located between 88 and 89. Another new promoter was found upstream of 89. Thus, the promoter P left , identified earlier, is not the only one that drives expression of the right arm genes. All these promoters overlap with stoperators, with which they share a conserved sequence motif, TTGACA, commonly known as the À35 promoter element. We demonstrate mutually exclusive binding of RNA polymerase and Gp71 to the stoperator-promoters and conclude that stoperators can function as À35 promoter elements and that they can control gene expression not only negatively as was believed earlier but in many cases positively as well.
INTRODUCTION
Mycobacteriophage D29 belongs to a family of phages that are known to infect various species belonging to the genus Mycobacterium [1] . It is closely related to another mycobacteriophage known as L5 [2] . The major difference between the two is that while the former is lytic, the latter is temperate. Such a difference arises because D29 lacks the gene encoding Gp71 [1] , the phage repressor, whereas L5 carries the gene. However, both these phages are considered to be homo-immune as D29 is unable to infect an L5 lysogen [1] . Transcription of the genome of mycobacteriophage D29 is considered to be initiated from two promoter elements known as P left and P right that are located at the extreme ends of the genome [1] . The genome is divided into two segments, the left (cos-attP) and the right (attP-cos). In each segment, clusters of genes are located which are believed to be expressed from either the left or the right promoters. The genes on the right arm, which appear to be expressed from P left , are generally associated with the early phase of infection, whereas those on the left, expressed from P right , are likely to be involved in the late stages [1, 2] . P left has a strong similarity with conventional prokaryotic promoters, having both the À10 and the À35 consensus sequences. A unique feature of L5, D29 and related phages is the presence of multiple repressor binding sites distributed over the entire genome in both arms [1] [2] [3] . These sites have been named as stoperators [4] to distinguish them from operators, which unlike stoperators are usually present in close proximity of the promoters. Very little is known about how stoperators function, except for the fact that they bind the repressor Gp71. It has been proposed that they function by immobilizing or promoting dissociation of the RNA polymerase (RNAP) from the template [5] . Whatever the mechanism may be, it is unclear why there should be so many copies of them when one or at most a few located in close proximity of the promoters positioned at the extreme ends should have sufficed.
The basic objective of initiating this study was to understand how the expression of phage D29 genes is regulated in a temporal and topological manner. To this end, we measured transcript abundance corresponding to various D29 genes derived from the left and right arms at different stages of growth. We also identified several novel promoter elements, the sequences of which were found to overlap with those of stoperators. The functional and physical overlap between a stoperator and promoter was found to be due to the sharing of the sequence motif 5¢-TTGACA-3¢ that serves as the binding site of not only the phage repressor but also of RNAP.
METHODS
Bacterial strains, phages, culture and infection conditions Escherichia coli XL1Blue was used for the routine manipulation of plasmid DNA. Mycobacterium smegmatis mc 2 155 was used for all transformation and infection experiments. E. coli cells were grown in Luria-Bertani broth with the desired antibiotic (ampicillin 50 µg ml
À1
, kanamycin 25 µg ml
, hygromycin 50 µg ml À1 ). M. smegmatis cells were grown in Middlebrook 7H9 medium (Difco) with 0.01 % Tween-80 and 0.2% glycerol. D29 phage suspensions were prepared by confluent lysis [6] . D29 phage infections were performed using a log phase culture of M. smegmatis at an m.o.i. of 1 in the presence of 2 mM CaCl 2 as described previously [7] .
Chemicals
Restriction enzymes, Taq DNAP and other DNA-modifying enzymes were obtained either from New England Biolabs or Thermo Scientific. Radio-chemicals were purchased from BRIT. All other chemicals of the highest purity grade were either from SRL, MERCK or Sigma Aldrich. DNA oligonucleotides were from Eurofins.
Plasmids and cloning strategies All inserts were amplified by PCR using either D29 or L5 genomic DNA and primer pairs as mentioned in Table S1 (available in the online version of this article). For measuring promoter activities, the relevant PCR amplicons were cloned into the vector pSD5B [8] using XbaI/SphI or SphI. Gp71 over-producing plasmid pSAU1180 was obtained from Dr S. Sau [9] . An altered version of pSAU1180 producing the mutant protein Gp71W69C was created by sitedirected mutagenesis. For Gp71 expression in M. smegmatis, the relevant PCR amplicon was cloned into the mycobacterial expression vector pLAM12 [10] using NdeI/NheI to generate pNB43. For co-electroporation purposes, the selectable marker of pLAM12 or its derivative was changed to hygromycin. For constructing the integrative plasmids corresponding to the promoter constructs, oriM was disrupted by inserting an integrative cassette derived from mycobacteriophage L5 into the BglII site. Construction of an integrative version of pLAM12 or its derivative pNB43 was performed as described previously [11] . A list of all the plasmids used and their relevance to this study is given in Table S2 .
RNA isolation, RT-PCR and quantitative real-time PCR (qRT-PCR)
Total RNA was isolated from phage-uninfected and phageinfected M. smegmatis cells by a Trizol extraction method using commercially available kits. First-strand cDNA was prepared from 1 µg of total RNA using Revert Aid Reverse Transcriptase (Fermentas) by random priming. In total, 100 ng cDNA, 0.25 mM dNTPs, 0.2 pmol µl À1 of each primer and 0.5 U of Taq DNAP were used to provide 50 µl of end-point RT-PCR.
Quantitative SYBR Green based qRT-PCR was performed using Power SYBR Green PCR Master Mix (Applied Biosystems) using the Applied Biosystems 7500 Fast Real-Time PCR System. Transcript abundance corresponding to the gene of interest relative to that of 16S rRNA was calculated by the comparative C t method [12] . The primers required for RT-PCR and qRT-PCR are listed in Table S3 . The ability of all the primer combinations to amplify their targets accurately was confirmed by performing PCR using D29 DNA as template. Wherever necessary, amplification efficiencies were determined by performing real-time PCR (Fig. S1 ).
Reporter assays for determining promoter strengths b-Galactosidase-based reporter assays were performed by withdrawing 1 ml aliquots from an actively growing culture of M. smegmatis cells harbouring either pSD5B or its various derivatives using ONPG as described elsewhere [13] .
Expression and purification of Gp71 and Gp71W69C
For synthesis of the His 6 -tagged L5 phage repressor Gp71, either the wild type or the mutated version Gp71W69C, in large amounts in E. coli, we used the corresponding recombinant pET28a constructs. The plasmids were introduced into the strain E. coli BL21 (DE3) and the cells were grown in Luria Bertani broth to an OD 600 of 0.6. Induction of gene expression was done by using 0.1 mM IPTG. After 3 h, the cells were harvested and lysed, and the protein was isolated from the supernatant using Ni-nitrilotriacetic acid chromatography as described earlier [14] .
Electrophoretic mobility shift assay (EMSA) EMSA was performed as described previously [15] . A 64 bp D29 DNA fragment (nucleotide coordinates 47 593 to 47 656) representing the stoperator site7 was used as a template. Either the wild-type stoperator or its mutated version was amplified using the primer pair PF11RP and PF16FP (Table S1 ) that was labelled using [g-32 P] ATP at its 5¢ end. The PCR product was purified by using a Qiagen column and used for EMSA.
In vitro transcription assay E. coli RNAP core and sigma70 (s 70 ) were purified as described [16] . A 140 bp DNA template (nucleotide coordinates 47 517 to 47 656) spanning the site7 stoperator was prepared by amplifying D29 DNA followed by polyacrylamide gel elution [17] . The corresponding mutant template was prepared as above using pNB9A plasmid DNA. In total, 200 nM of RNAP core and 400 nM of s 70 were incubated to form RNAP-holoenzyme [18] . And 100 nM of wild type or mutant DNA was incubated with increasing concentrations of either wild type or Gp71W69C protein at 25 C for 10 min, and further incubated with the activated RNAPholoenzyme at 37 C for 15 min to form an open complex. Transcription was initiated by addition of NTP mix [250 µM each of GTP, CTP, ATP and 20 µM [a-32 P] UTP (0.4 µCi)]. Following incubation at 37 C for 30 min, reactions were terminated and products resolved on 12 % urea-PAGE as previously described [18] . The gel was scanned using a storage-phosphor scanner (Typhoon Trio+, GE Healthcare).
Sequence alignment A CLUSTAL W [19] based multiple sequence alignment of DNA sequences was done using MEGA 6.06 [20] . The penalty for gap opening was 70 and gap extension was 10. The weight matrix was IUB. The alignments were subsequently processed using the Bioedit sequence alignment editor.
RESULTS

Transcription profiling of the D29 genes during lytic infection
To investigate the operonic structure of mycobacteriophage D29 gene clusters, we initiated a detailed transcriptomic analysis using qRT-PCR. The analysis was carried out at two time points, 30 and 120 min, following the addition of phage to the host cells. Considering that optimal adsorption of the phage on the host takes about 20 min [7] , we assume that the 30 min time point is an early one while the 120 min one is late.
The qRT-PCR results ( Fig. 1) indicate that in general the transcript levels corresponding to all the genes and intergenic regions examined increased from 30 to 120 min, which is expected as with increasing time more and more phages adsorb to the cells, resulting in an overall increase in the intensity of the transcripts. The average intensity of transcripts derived from the genes in the right arm (89-33) was significantly (P=0.0427) higher than of those in the left (9.2-34.1) at the earlier time point (Fig. S2) , indicating that these are expressed early. Another important difference between the expression profiles of the two arms is the fold increase from early to late stages of infection. It was relatively high for left arm genes as compared to those on the right (Fig. 1b) . Of the ten left arm targets examined (9.2 to 27), the expression of eight increased by over 120-fold, whereas of the 14 right arm ones (89 to 48), except for 50-51, the expression of which increased by about 100 times, the corresponding values ranged from 7 to 40. The two centrally located genes, 33 and 34.1, were poorly expressed at both time points. The late surge observed in the expression of left arm genes indicates that they belong to the late or middle-late categories. In the case of one particular gene, gene 27, expression was barely detectable at the earlier time point, but by the time the late stage was reached, transcript intensity increased to a substantially high level (Fig. 1a) .
In the right arm, expression of the genes 87, 88 and the region in between reached high levels within 30 min but did not increase to a great extent after that. Given that the expression of these two genes is among the highest at the 30 min time point, and also that it approaches near maximal level within this time interval, we conclude that these are typically early expressed genes. The remaining genes in the right arm may be categorized as middle-early as their transcript intensities increased to a greater extent compared to genes 87 and 88 but to a lower extent relative to those in the left. The expression pattern of the region upstream of 88, which includes 89 and the non-coding region further upstream ( Fig. 1 , indicated by a blue bar), was intriguing. It was our expectation that 89, being the first gene in the right operon, would be expressed at a level comparable to 88, if not higher. However, this was not the case, as expression of this gene was found to be 10-fold less as compared to 88 particularly at 30 min. Moreover, expression from the region upstream of 89 was relatively lower than that of 88 and almost at the same level as that of 89, particularly at the early stage. Thus, whereas there are ample reasons to believe that 89 is expressed from P left , the possibility that 88 is expressed from the same promoter appears low, as discussed in the next section. The result obtained with the 88-89 intergenic region is even more intriguing. Its expression level was nearly 10 and 17 times less as compared to 89 at 30 and 120 min, respectively. This indicates that transcriptional read-through from 89 into the 88-89 region takes place only marginally, hinting that there may exist a transcriptional terminator located immediately downstream of 89. We also observed that expression of gene 88 was as much as 78 times (corrected value, Fig. S1 ) higher as compared to the 88-89 intergenic region, particularly at the early time point, which could be explained by assuming the presence of a promoter element between 88 and 89 that drives the expression of 88. To explore this possibility, we looked into the 88-89 intergenic sequence carefully to see whether any promoter element was present within this region. During this investigation, we realized that the stoperator site7 [1] could be a potential candidate as within its core, the motif TTGACA was present, which is better known as the À35 promoter [21] . The experiments described in the next section strongly suggest that site7 could be a promoter.
The qRT-PCR results are generally consistent with those obtained through qualitative end-point RT-PCR (Fig. S3 ). Transcript intensities of the gene segments, including 89, 88-89 intergenic region and also two others, 33 and 34.1, for which no bands could be detected in the end-point PCR experiment, were as expected relatively low in the qRT-PCR analysis. However, the end-point PCR was done merely as a quality check -for all quantitative interpretations we have relied solely on the results of qRT-PCR. In some cases, where expression was low (e.g. 33 and 34.1) or the sensitivity of the assay system was a critical issue (88, 89, 88-89) we performed primer amplification efficiency tests (Fig. S1 ). To further ensure the accuracy of the results obtained, the fidelity of the products obtained in the qRT-PCRs was verified by performing agarose gel electrophoresis (Fig. S4 ).
Detailed analysis of transcriptional activity originating from within the 88-89 intergenic region The primers used to study expression of the 88-89 intergenic region are located at its borders and not within the region itself (primers 6 and 14, Fig. 2 ) and therefore it was unclear whether the entire region was poorly transcribed or only a part of it. To resolve this issue, a series of forward primers internal to the 88-89 segment were used for RT-PCR in combination with a common reverse primer located in gene 88 (primer 16, Fig. 2 ). The forward primers were designed such that they would be able to identify transcripts originating from the DNA sequence immediately downstream of site7, assuming of course that this site acts as a promoter.
The results indicated that when the forward primer was positioned just upstream of site7 (primer 6, also used in the previous experiment), no transcript could be detected as expected (Fig. 2a, 6+16) . However, when the primer was moved to a site immediately downstream, detection was possible (Fig. 2a, 7+16, 8+16, 9+16 ). This indicates that site7 may function as a promoter for the transcription of DNA sequences downstream of it, which includes gene 88. The primer sets used above yield relatively large-sized products (greater than 500 bp) and therefore these are not suitable for qRT-PCR experiments. Thus, for quantitative analysis, the primer sets were chosen so that they amplify smaller regions. The end-point RT-PCR results using the second set of primers (Fig. 2a) reveal that, as expected, transcripts corresponding to the 88-89 region could not be detected using primer 6 in combination with 14 ( Fig. 2a, 6 +14) but were detected when primers 7 and 8 replaced 6 (Fig. 2a, 7+14 and 8+14 ). The corresponding quantitative results reveal an increase in the transcript abundance by about 30-fold (corrected value, Fig. S1 ), at the early time point, as the primer position was moved from upstream of site7 to its downstream position (Fig. 2b, 7+14 and 8+14 compared to 6+14). This result clearly indicates that site7 may be operating as a promoter for 88.
Promoter mapping experiments
The results of the transcriptomics experiments indicated the possible presence of a promoter element within the 88-89 intergenic region that drives the expression of gene 88. To identify this promoter, we took two approaches in parallel. The first, discussed above, was based on the presumption that site7 acts as a promoter whereas in the second, described below, no presumption was made.
To look for the new promoter, we performed a mapping experiment (Fig. 3 ) using fragments derived from the right end of the mycobacteriophage D29 genome. For comparison, we also determined the promoter activity of D29 P left . A region of phage D29, 147 bp in length, corresponding to that of L5 P left [4] was thus included in the study. The fragments were cloned into the vector pSD5B and the reporter activity was tested. The results showed that whereas the larger fragments spanning the entire length beginning with P left and ending with gene 86 or 87 (PF1-PF3) were poorly active, the shorter one, PF9, yielded an activity that was found to be almost as high as that of P left . The inability of the larger fragments (PF1-PF3) to show high activity may be due to various reasons such as transcription termination, transcript instability and also the possible toxicity of the gene products derived from the right arm end [22] . However, the observation that PF9 was highly active indicated that there must exist a promoter within the region represented by this fragment. It became apparent that we were dealing with a new promoter element located downstream of P left that was not reported earlier. To map this region more precisely, further deletion constructs were made in which the fragments were shortened further from the 3¢ end. The results show that in the case of PF11, the activity was retained whereas in PF12, significant loss of activity, almost 40-50-fold, was observed. The results further confirmed that a promoter sequence must exist in the region of PF11 that was removed to create PF12. In summary, it appears that any fragment derived from the 88-89 region that lacks DNA sequences corresponding to the boxed region shown in Fig. 3 does not show promoter activity. Thus, a new promoter must exist in this region. The boxed region includes the site7 stoperator and therefore the proposition put forward in the previous section that site7 may be a promoter was further strengthened.
Activity of the minimal promoter and mutational analysis
The results from the deletion mapping experiment indicate that a promoter is most likely to be located within a 100 bp region spanning the intergenic region between genes 88 and 89, and that site7 stoperator located within it could be acting as a promoter. However, we argued that site7 or for that matter any other stoperator is unlikely to be able to act as a promoter by itself as these elements contain only the À35 promoter sequence but not À10. Hence, we considered the strong possibility that a À10 sequence must be present downstream of the À35 conserved sequence within the promoter. In general, we hypothesized that any stoperator that posseses the À10 element downstream of it is likely to be able to act as a promoter. To find answers to the questions raised above, we aligned the DNA sequences corresponding to all the D29 stoperator sites (Fig. S5) [1] , a subset of which is shown in Fig. 4(a) . As expected we found a near perfect match in the stoperator core region (Fig. 4a , indicated below the alignment). We further examined whether any homology box exists downstream of the stoperator. The results revealed that a low level of conservation exists at a position that could be regarded as a À10 element considering the conserved core of the stoperator to be the À35 element (boxed region corresponding to À35). Notably, the À10 region contains at least two conserved Ts (27th and 30th positions). We hypothesized that these two residues correspond to the conserved Ts found in the sequence TATAAT [21] , which is also known as the À10 promoter element. To examine the promoter activities associated with the stoperators, we cloned synthetic double stranded DNA fragments, 64 bp in length, spanning the conserved elements as mentioned in Fig. 4(a) into the promoter probe vector pSD5B and assessed their ability to support the expression of the reporter gene.
The results show that our prediction was at least partially correct considering that three of the six stoperator sites showed promoter activity (Fig. 4a) . These include site1 (P left ), and two others, 7 and 5, the promoter activities of which we are reporting for the first time. However, three other sites, 17, 20 and 23, exhibited poor promoter activity, the reason for which could be non-functionality of the À10 region as discussed below.
The above results indicate that a stoperator can also function as a promoter if it becomes associated with a À10 A/Trich sequence. The ability of the stoperator, which is supposed to be a negative regulatory element to function positively, at least under certain circumstances, appears to be due to the presence of a À35 promoter sequence within its core. However, such a possibility requires experimental confirmation. To establish the role of the À35 element in the observed promoter activity, we deleted this motif from the site7 present in a promoter fragment (PF11 in Fig. 3 ) that in previous assays gave activity. As expected, promoter activity was abolished in the deletion mutant (Fig. 4b, S7D1 versus S7). The results confirmed that the À35 promoterlike sequence present in the stoperator truly functioned as one. We also deleted a segment of site7 encompassing what we perceived to be a À10 consensus (S7D2, Fig. 4b ). The results of the deletion experiments confirmed that the À10 region along with À35 are essential for PF11 to be active as a promoter. Thus, the promoter activity associated with a stoperator depends on the same conserved elements that are known to be involved in driving the expression of eubacterial genes. To test our hypothesis that all or most of the stoperators are À35 promoter equivalents, we introduced point mutations into promoter fragments (PF18 and 20)
spanning sites 20 and 23, which were inactive as promoters (Fig. 4c) . The mutations were introduced in such a way that the A/T content in the À10 region was increased. The results indicate that in both cases, the mutant versions (PF18A and PF20A) were highly active as compared to the wild type (PF18 and PF20). Thus, we conclude that the Fig. 4 . Comparison of the promoter strengths of various stoperator-promoters and their mutant versions. (a) Six 64 bp sequences, each containing a stoperator site (numbered and indicated on the left), were aligned with each other (taking site1 or P left sequence as reference) and the extent of conservation was analysed (for the sake of simplicity, the alignment of a 33 bp segment spanning the stoperator within the 64 bp region is shown). In the alignment, the stoperator sequence and also the overlapping À35 promoter region are highlighted (bar below and box labelled À35, respectively). In addition, a motif that could potentially serve as a À10 promoter in all these sequences is also highlighted [1] . On the right (bar diagram), the reporter activities associated with the stoperator sites (for accurate position of each site refer to Fig. S6 ) are shown. Included in the list is D29P left (site1) and pSD5B (empty vector). (b) Deletions (indicated by gaps) were engineered into a site7 containing promoter fragment PF11 promoter construct so as to delete the À35 element (PF11A) or the À10 element (PF11B) and the reporter activities were determined (bars on right). For comparison, the promoter S30 [30] , which has been used earlier to construct several expression vectors of mycobacteria, is included. (c) Point mutations (PF18A and PF20A, indicated by black arrows) were introduced into reporter constructs for fragments PF18 and 20 followed by activity determination (bars on right). In the alignment figure on the left, both the promoter fragments used as well as the sites that were targeted are indicated. In all three panels, the DNA sequences of the stoperator-promoters are in the direction of transcription. Significance levels (***P<0.001) determined by one-way ANOVA are indicated.
stoperators that do not show promoter activity can do so if a À10 consensus element is present downstream of it. The results also show that only a few mutations, just one in the cases mentioned here, are sufficient to convert a stoperator to a promoter.
Both RNAP and repressor interact with stoperators
The results presented in the previous sections indicate the possibility that the stoperator, by virtue of it possessing a core sequence that is identical to the À35 promoter, has the ability to bind to both the repressor as well as RNAP. Interaction of the stoperator with the repressor has been reported previously [5] , but the possibility that the stoperator can also serve as the binding site of RNAP has not been investigated. To demonstrate physical interactions of the stoperator with the repressor on the one hand, and RNAP on the other, we used DNA-protein interaction studies. The 64 bp site7 stoperator-promoter fragment that gave promoter activity (Fig. 4a ) was radiolabelled and subjected to EMSA analysis using the purified Gp71 repressor protein, either the wild type version or a mutant W69C [23] that is not expected to bind to the target site. The results (Fig. 5a, b) showed that the site7 stoperator-promoter was indeed capable of binding to the repressor specifically, as the mutant bound with much lower affinity. To investigate the specificity aspect further, we created a mutant site7 template and examined the ability of Gp71 to bind to it. The mutant template was created by changing the two C residues (underlined) in the stoperator motif CTTGACAGCCACC to GT. Previous investigations [5] have indicated the importance of these residues for Gp71 binding, and hence mutation of these residues should lead to abolishment of binding. The results of the EMSA performed using the mutated template were as expected. Little or no Gp71 binding to the mutant template was observed (Fig. 5c) . Thus, we demonstrate conclusively that the site7 stoperator is indeed capable of binding to the repressor specifically.
The next question was whether the site for repressor binding overlaps with that of RNAP binding. If the sites are indeed overlapping, then it is expected that there will be competition between the two. To investigate this aspect, we performed an in vitro transcription assay using the site7 stoperator-promoter and E. coli RNAP in either the presence or the absence of Gp71, the repressor. The results of this experiment (Fig. 5d) revealed that a band of the expected size (73 nt) was obtained, the intensity of which decreased progressively as an increasing amount of Gp71 was added. That the observed repression was specific was confirmed by performing control experiments using the mutant repressor Gp71W69C, which as demonstrated above has significantly lowered affinity for the binding site. As expected, the mutant protein did not repress the in vitro transcription process significantly (Fig. 5f, g ).
To support the specificity of the observed effects, we also used the mutant site7 fragment as a template that is unable to bind the repressor as mentioned above. The mutation introduced did not affect the À35 core sequence, and therefore we predicted that it would not pose any problem for the RNAP to interact with the template. Our prediction turned out to be true as we observed the presence of a band at the expected 73 nt position in the autoradiogram (Fig. 5e) . We then tested whether the addition of the wild type repressor to the mutant template had any inhibitory effect. The results (Fig. 5e, g ) indicate that very little, if any, inhibition was observed. The final conclusion from this experiment is that Gp71 and RNAP compete with each other for the same binding site in a mutually exclusive manner.
Competition studies between repressor and RNAP using reporter assays The results presented above indicate that the repressor and RNAP compete with each other for binding to site7. To confirm that the same phenomenon occurs within the bacterial cell, we created two different recombinant M. smegmatis strains, in one of which a copy of the site7 integrative reporter construct pNB16int was integrated into the genome, whereas in the other, the same was done for the gene 71 expression construct pNB43int. Once these strains were created, the extra-chromosomal versions of the constructs were introduced into them in a transverse mannerpNB16 (site7 reporter construct) into mc 2 155 :: pNB43int and pNB43 into mc 2 155 :: pNB16int. For introduction of a negative control in the experimental setup, the empty vector pLAM12 from which the Gp71 synthesizing vector pNB43 was derived was introduced into M. smegmatis either in its integrative form (pLAM12int) or extra-chromosomally (pLAM12) as was necessary (Fig. 6a, b, respectively) .
The cells were grown to the desired optical density and then synthesis of Gp71 was induced using acetamide. Promoter activity was determined by assaying for the reporter protein, b-galactosidase. The results show that irrespective of whether the production of Gp71 took place from an extrachromosomal multicopy plasmid or from an integrated single copy of its gene, inhibition of promoter activity was observed, which indicates that site7 can function as the binding site of both RNAP as well as the phage repressor. However, the degree of inhibition differed. It was significantly more when the repressor was produced from the multicopy plasmid (Fig. 6b) as compared to the integrated single copy version (Fig. 6a) . The results, which are consistent with those obtained in an earlier study performed with P left [5] , indicate not only that Gp71 represses the activity of site7, but also that the phenomenon occurs in a concentration-dependent manner.
Multiple promoter elements control expression of right arm genes The right arm of D29 has the P left promoter (site1) located upstream of gene 89, the first gene in the right operon. Our present investigation led to the discovery of two more promoters downstream of it in the right arm. One of these is site5 located in the upstream region of gene 89, whereas the other is site7 located in the 88-89 intergenic region. To examine how all these promoters combine to promote expression of gene 88 and those located further downstream, we cloned the fragment PF24 (Fig. 7) that spans all these promoters in the promoter probe vector pSD5B, upstream of the lacZ reporter gene. The reporter construct harbouring the insert PF24 was further modified in such a way that the 64 bp long segment corresponding to each of the three promoters was deleted one at a time, giving rise to the promoter constructs PF24A (site1 deleted), PF24B (site5 deleted) and PF24C (site7 deleted). The reporter constructs harbouring either PF24 or its deletion derivatives (PFs 24A, 24B, 24C) were introduced into M. smegmatis cells and reporter assays were performed. The results indicate that PF24 supported reporter activity at a high level, as expected. However, surprisingly we observed that the deletion derivatives, including the one in which P left (site1) is deleted, were also active almost to the same extent as PF24. The results indicate that there is a degree of redundancy in the manner in which these three promoter elements function.
DISCUSSION
The genes located in the right arm of D29 and its close relatives such as L5 encode functions that are most likely to be required in the early stages of infection, whereas those that are present in the left are required later. The results obtained in this study using reverse transcriptase PCR-based methods are consistent with such a demarcation. Similar observations were also obtained in a recent study [22] in which the transcriptomics of phage D29 infection was analysed using not RT-PCR but RNA sequencing. However, the two studies do not seem to agree on various issues as discussed below. First, the extent to which the region in between P left and 89 is transcribed was found in the previous study to be about 20 times greater compared to 89, whereas we find that there is no such huge difference. The previous study does not mention anything about the transcript levels in the 88 to 89 region, whereas in this study we show major differences in the degrees to which 89 and 88-89 intergenic regions are expressed relative to 88. Thus, whereas the previous investigation indicates that a transcriptional terminator is present immediately upstream of 89, this study indicates that such a terminator is most likely to be present downstream of it, rather than upstream. The reason for the observed differences between the two studies is most likely the different methodologies used. However, not all the results are contradictory, and there is some degree of convergence in the observations. For example, in the case of gene 33, which codes for the integrase [24] , and 34.1, both of which are located at the centre of the genome, poor expression was observed in both studies.
Apart from the genes mentioned above, this study also provides information about the expression status of many other D29 genes. The tRNA encoding gene 9.2 was found to be expressed much less at the early time point as compared to late, indicating that its function is most likely to be required at the late stage rather than early. The lysis gene cluster comprising genes 10 (lysin A), 11 (holin) and 12 (lysin B) [25, 26] is expressed many fold more in the late stage, which is in accordance with its function. However, even at the early stage these genes are transcribed but at moderate levels, indicating that contrary to expectation, expression from this cluster is not tightly regulated. Gene 27 is an exception in that its expression is almost undetectable at the early time point. It may be speculated that the product of this gene (a minor tail protein) [1] is toxic to the host and therefore its expression needs to be minimized, particularly in the initial stages of infection.
An important conclusion obtained from this study is that genes 88 and 87 but not 89 could be among the earliest to be expressed after infection. Unfortunately, the functions of the 88 and 87 gene products are unknown, and therefore the mechanism by which they act remains a mystery. Given that 88 is highly expressed early on, there is the question of from which promoter it is expressed. Because transcription from the 89 upstream region does not proceed significantly beyond 89, it is unlikely that 88 would be expressed from the same promoter as that for 89 and thus there must exist an additional one between the two. Our prediction turned out to be correct as we could identify a novel promoter in this region, the sequence of which was found to overlap with the site7 stoperator.
Apart from site7, we also found that site5, located upstream of 89, has a strong promoter activity, almost as strong as for sites1 and 7. It is possible that the transcriptional activity observed upstream of 89 is not due to just site1 (P left ) but also site5. The results presented here show that there are multiple promoters (three) that control expression of the early genes. Reporter assays show a degree of redundancy in the manner in which these promoters contribute to downstream gene expression. However, note that in the reporter assays, only a part of the genome is involved. There could be genes contributing to transcriptional regulation, present in the genome of the phage, but absent in the fragments used for reporter assays. Hence, the redundancy observed in the reporter assay may not reflect the situation that prevails when the whole genome is present and expressed.
An interesting conclusion that emerges from this study is that the stoperators of D29 are functionally À35 promoter elements and they are capable of supporting transcription if combined with À10 promoter sequences. Such a conclusion is supported by the observation that all the stoperators capable of acting as promoters were invariably associated with a À10 promoter sequence. Those that lacked this sequence Fig. 6 . Repression of the D29 site7 stoperator-promoter in M. smegmatis by Gp71 of the homo-immune phage L5 synthesized either extra-chromosomally from the vector pNB43 (b) or from its integrated version pNB43int (a) (black bars, +71). Promoter assays (b-galactosidase) were done after introducing the site7 reporter construct pNB16 into the host cells either as an extra-chromosomal reporter (a) or in the integrative form as pNB16int (b). For comparison purposes, the activity of the reporter constructs was also determined in the absence of Gp71 (white bars, À71) by introducing them into M. smegmatis strains in which the empty vector pLAM12 is present either in its integrative form (a) or as an extra-chromosomal element (b). The results represent mean±SD of three biological repeat experiments. Group means were compared by performing Student's t-test. Asterisks indicate the significance levels (*P<0.05, **P<0.01) of repression in the presence of Gp71 (+71) in comparison to its absence (À71).
failed to function as promoters. However, if mutations were introduced to create a À10 promoter element downstream, then the inactive ones also started functioning as promoters. Thus, the line separating a stoperator and a promoter is thin, and it is theoretically possible that any stoperator can be converted to a promoter by the introduction of a mutation and vice versa. However, such a conversion will occur only if it makes biological sense and gives the phage a growth advantage. The fact that sites20 and 23 have remained inactive even though their À10 elements are just 1 bp change away from becoming active is perhaps because their silence is a necessity. In this context it is worth mentioning that the location of site20 in the upstream of gene 27 (Fig. S6 ) might be the compelling reason for its silence. Had site20 been active as a promoter, gene 27 would have been expressed in an unregulated manner, possibly leading to impaired phage growth. Thus, most probably selection pressures exist that ensure that promoter activity of some stoperators, site7 for example, is maintained at a high level whereas those of others, such as sites20 and 23, is abolished. The functional equivalence between the stoperator and À35 promoter is also borne out by the fact that both the repressor and the RNAP can interact with the stoperator in a mutually exclusive manner.
Although we have described only a few cases of stoperators acting as promoters, the possibility of existence of many more such elements in the phage D29 genome and its close relatives remains. It is an intriguing question as to why À35 promoter core sequences should be present in multiple copies in the genome of these phages. We may not have a clear answer at present, but in this context we note that in the genomes of phages of other clusters such as K [27] , M [28] and O [29] are repeating units of cis-acting regulatory sequences such as Shine-Dalgarno (cluster K), transcriptional terminators (cluster M) or just inverted repeats forming stem and loop structures (cluster O). A large proportion of mycobacteriophages therefore appear to have evolved a novel strategy in which multiple copies of the same cis-acting element are used to regulate the expression of the genes present in their genome.
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